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NASA TT F-15,113,
INFLUENCE OF TRANSIENT CONDITIONS ON OVERALL SERVICE !
LIFE OF TURBINE BLADES '

G. N. Tret'yachenko

A well-founded choice of blade testing modes which, on the one hand,
would bring test conditions as close as possible to the actual and most
characteristic operating conditions and, on the other hand, make it possible
to generalize the results and forecast the durability of materials in other
operating modes, is possible only on the basis of investigation of bilades under:

conditions that reflect their actual load spectrum,.

During the operation of each engine characteristic types of modes are
observed, which may be encountered to a varying extent and in varying sequence,'
depending on conditions, throughout the entire service life of the engine. If,

- for example, the discussion concerns airplane engines, the most severe conditions
under which maximum blade damage occurs are start-up, engine testing, takeoff

and shutdown [1].

The overall turbine blade operating time until the appearance of cracks

may be represented in the following form:

t.sum B Z ti» (1)
where t, is engine operating time in mdde i.

The term:'tﬂi may vary significantly, dependingroz engine operatipg condi-
tions, and this is reflected in blade service life tsum' Let us examine how
engine operating time in various modes, especially in transient ones, can in-
fluence this value., Subsequent evaluation is feasible if blade damage during
operation under different conditions 1is known, for which purpose it is necessary
first of all to analyze the endurance of the blades in the characteristic mode,‘
and secondly to analyze their equivalence from the standpoint of the extent of

influence on damage.

*Numbers in the margin indicate pagination in the foreign text.




The failure time, assuming that the blades operate only in one mode i, is

* .
denoted through ti' Here the relative damage in mode i during operation under |

Lt r"_ N
ﬂ‘= -3 .
!
i

As is customarily done when adding up the damage of specimens after fatigue

various conditions will be

or stress rupture strength tests with programmed change of load, we write

-, .
q=2q. } (2)
1
If the damage in the blade matérial builds up in proportion to the test
time, then at = 1; in the accelerated process a; ¥ 1 and in the decelerated

-process a. > 1.

It is known from the literature [2, 3] that during stress rupture strength‘
or creep tests of cylindrical specimens cyclic loads and heating facilitate
_damage processes, which exclude the possibility of simple linear summation of
the damage without introducing some error. The value a (analog of ai) is 0.3
to 0.4. This gives reason to assume that in blades also damage builds up
faster when they are added in the various modes of operation. In the case at
hand, however, there is some difference, which consists in the following. First,
summation is done not in terms of the individual states of the material during
repeated changes in a given mode, but rather for repetition of the modes as a
whole, with complex internal laws; in other words we add up the damage caused
by the cyclic actions of "blocks" of power and the temperature loads. Secondly;
since the blades operate in the complex stress and nonuniform thermal state,
changing rapidly in time, the criterion of damage accumulation and failure is
. taken arbitrarily, in which connection the rate of appearance and change of these
criteria may vary substantially. Thus, for example, if the appearance of a
crack of conventional length is taken as the criterion of failure, then, in
connection with the fact that reduction of the stress level often facilitates
the growth of thermal cracks, with the result that their spreading is unlimited,
a, may change appreciably, depending on the choice of failure criteria. Thus
we arrive at the conclusion that duriqg analysis of blade damage under conditions

of heat exchange, simulating operation under actual conditions, the hypothesis



of linear summation requires considerable refinement. But since such data are

=

not yet available, we will assume that a; = 1.

Expression (1) is written in the following form:

* t *

tsum - 2: ait ?
i

We assume here that condition (2) is valid. We assume further that

Y

* *
t. = k.t., o
i i) :
where ki is the mode equivalence coefficient; tj is the time to failure in one
characteristic mode.

The fadlure time of blades during operation in different modes is

* t* i k*
= t. a.k,. : :
tsum iy %iti (3)
.
Any mode may be used as the characteristic mode j. For example, we will
*
use the mode in which the engine operates for maximum time top - We write the
1

following expression:

* *
t =t, (a +k ., a + ... and k__ a + k., a
sum sty sty st2 st2 tr,try tr, tr2 + o..).

Introducing the definitions

= + . a =
astkst ast kst ast ) atrktr ktr atr * ktratr *
2 2 2 1 1
we obtain
- " k x ok S
Loum = tstsu(ast st T qer. “tr ) = tst 'st(ast Ty X )3
I 1 1 1 st
+ -
L

Since blade damage occurs considerably faster in transient modes than in
.k .
steady state ones, the ratio "tr will be of small value — hundredths or tenths:

k ‘
st
of unity. It follows in this connection that a short time of operation in

transient modes (an increase in atr) results in substantial reduction of the

*
overall service life tSum of the blades.



Such transient modes as startup, startup-shutdown-testing and the like
influence service life variously. In order to evaluate the overall service lifé,
as follows from the material presented above, it is necessary to know the mode
equivalence coefficients ki' Experimental investigations of the service life
of the blades of the first stage of one aircraft engine were conducted for this

purpose in [4]. The blades were made of alloy ZhS6-K.

The conditions of the three characteristic operating modes, namely startup-
-testing-shutdown, startup-shutdown and startup-takeoff, were simulated [4].
The experimental setup made it possible to conduct investigations with automatic
holding of the programs.. The action of centrifugal forces that occur during
operation of turbine blades was not simulated in these tests. The appearance

of a crack 0.5 mm long was used as the failure criterion.

It was established as a result of the experiments that the most unfavorable
operating mode is the one corresponding to the startup-shutdown of the engine.
During tests in this mode cracks appeared after an average of 300 cycles. In
the startup-testing-shutdown mode the number of cycles before failure was 612,

and 725 in the startup-takeoff-shutdown mode.

The blade operating time to failure in these modes, considering that the
*

duration of the modes were 3, 11 and 8 minutes, respectively, was ts £ 15

* *
hours, ts.t.sh = 112 hours, ts.to.sh = 97 hours.

Since it was not possible in the given work to determine the value t

*
. st’
we will analyze only the equivalence of the investigated transient modes in

relation to the startup-test-shutdown mode. These coefficients will be k! =

5.t
= o et - . =
= 0.13; ks.to.sh = 0.86; ks.t.sh 1.

1f tests are conducted to failure during alternation of the stated 3

modes, and if we use.the linear hypothesis of summation of damage, we may write?

%* *®
|- 1 + 1 t + 1 1 .
t ts.t.sh(_as.t.sh as.to.shks.to.sh as.tks.t).‘

1 + 1 + 1 = .
as.t.sh as.to.sh as.t 1

In the given investigated case

[} 1
sh * 0.86a s + O'l3asat]'

*
(- '
t 11z(as.t .to.sh

/5



*
The experimental expression derived for t ' confirms and explains the
laws observed during actual engine operation. A slight increase in the
operating time (number of cycles) in the startup-shutdown mode leads to a

=
substantial reduction of blade service life t ' in transient modes.

We will assume that the blades are so designed that the failure time in

steady state modes t. 2 = 2000 hours, and in the failure time in the transient

modes tt” = 200 hours. Then

* 11 * M
= " + kMt ogn = LI . ' .
tsum tst(FJL st ktra tr] 2000(a5t 0 latr)

It follows from this example that the exhaustion of 10% of the service life
of the transient modes corresponds to 90% exhaustion of the overall service
life of the blades; 20% exhaustion of the service life of the transient modes
corresponds to 18% exhaustion of overall service life, etc. As we see, the
difference is small. This means that the transient modes play the most impor-
tant part in blade damage and have the greatest effects on their service Iife.’
j Damageability and service life of turblne blades are best judged in terms of }
these modes. The relations examined above may also be used in the development
of accelerated test methods. In order to develop these methods, obviously,
it will be necessary to undertake a detailed analysis of failure time and
equivalence coefficients of the transient mode, which comprise an insignificant
fraction of the overall service life of turbine blades. The failure time of
blades operating in steady state.modes, which is one or even two orders of
magnitude greater, obviously should not always be investigated during gas
dynamic stand tests for the following reasoms: first, it is not economical,
and second, in the steady state modes, when a thermal and stress states of the
blades are most uniform and comparatively low, it makes sense to calculate the
service life of the blades in terms of the fatigue and endurance characteristics)
of the material, determined in tests of standard cylindrical specimens. .The
characteristics determined by accelerated methods of determining fatigue and

stress rupture strength may be used.

Conclusions

1. The overall service life of turbine blades depend to a large extent

on engine operating conditions.



2. The influence of the various transient modes, which comprise

comparatively small fractions of the overall service life, on blade service life

' is so great that specifically the transient modes determine overall service i
life. ‘ : i
% The determination of the mode equivalence coefficients and failure time

‘in each operating mode, particularly transient modes, makes it possible to pre-:

dict turbine blade service life under actual operating conditions;

4. Accelerated tests may be conducted as follows: the failure time in ¢ /6
steady state modes is determined on the basis of tests of cylindrical specimens;
in transient modes it is determined in tests of real blades under conditions that

simulate actual operating modes.
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